Creep tests were performed at less than 0.4 T m (T m is the melting temperature) for 99.999, 99.57 and 99.52% aluminum with several grain sizes in the range of 50330 µm. These Al materials show remarkable creep behavior with an apparent activation energy (Q) of 30 kJ/mol, a stress exponent of 4, and a grain-size exponent of zero, and with a larger creep rate with increasing purity. These parameters resemble those of conventional dislocation creep, which is rate-controlled by the usual diffusion processes, except for the extra-low Q value. This means that a non-diffusional process affects the steady state deformation in this temperature region. Transmission electron microscopy revealed the development of a cell structure in the steady state and dislocations without any tangles in the cell interiors. Therefore, because the ratecontrolling process could not occur inside of the cells, dislocation annihilation occurred through cross slip around the cell walls. According to these creep parameters and microstructural observations, the observed creep region is suggested to be a new creep region occurring through a non-diffusional process within the existing deformation mechanism map of Al at less than 0.4 T m .
Introduction
The deformation mechanism maps edited by Frost and Ashby 1) have been used as reference data for process design in the materials industry and for mechanical design of high temperature components, because they express the deformation mechanisms at a given temperature (T), stress (·), strain rate (_ ¾) and grain size (d). In particular, aluminum (Al) has been studied numerous times and in detail, not only because it meets certain engineering requirements as a light material but also because of its general interest in materials science. In the Al map, the power-law creep region rate-controlled by dislocation-core diffusion (i.e., low-temperature dislocation creep) is observed with a stress exponent (n @_ ¾=@·) of 6.4 at intermediate temperatures of 0.40.7 T m , where T m is the melting temperature. The other power-law creep region, which is rate-controlled by volume diffusion (i.e., hightemperature dislocation creep), appears with n = 4.4 at high temperatures of >0.7 T m .
In this Ashby's map, the above low-temperature dislocation creep region spreads broadly into the cryogenic temperature region, and in effect, creep does not appear at T < 0.3 T m . However, this low-temperature behavior is predicted by a few data in the high-strain-rate region, i.e., at _ ¾ > 10 À5 s ¹1 . For example, a torsion test performed by Luthy et al.
2) using polycrystalline 99.999% (5N) Al suggested that the deformation is rate-controlled by dislocation-core diffusion with an activation energy (Q) of about 80 kJ/mol and a stress exponent of 17 at temperatures between 373 and 573 K. In addition, a tensile test performed by Ghauri et al. using 5N Al showed that the rate-controlling process in this region is influenced by a dislocation dislocation interaction with an energy barrier of about 120 kJ/mol at 18300 K. 3) In contrast, Ishikawa et al. observed remarkable creep deformation with n = 5 around room temperature at low stresses. 4) They performed rupture creep tests and then obtained a Q value of about 20 kJ/mol in this temperature region. Recently, the present authors also observed virtual power-law creep at _ ¾ of around 10 ¹8 s ¹1 with n = 5 and Q = 1530 kJ/mol at T < 0.4 T m using high-accuracy strain gauges. 5, 6) In addition, Shen et al. performed helical spring creep tests on 5N Al at room temperature, 7, 8) and observed creep with n = 1 and Q = 15 kJ/mol at an _ ¾ of around 10 ¹12 s ¹1 at several MPa. As described above, these results are interesting for materials science because they reveal new knowledge about low-temperature deformation through the development of novel test techniques. Furthermore, these results suggest that a novel creep mechanism exists in this low-temperature region at low stresses.
On the other hand, it is noted that exaggerated creep with a Q value of around 20 kJ/mol has also been observed at T < 0.3 T m for hexagonal close packed (HCP) metals.
911)
Under these conditions, because of the lack of slip systems, planar slip without tangling, i.e., straightly aligned dislocations, is observed, resulting in weak work-hardening. It also results in von Mises's condition not being satisfied at grain boundaries, so that the dislocation cannot propagate to adjacent grains. Therefore, the creep is probably brought about by grain-boundary sliding generated by the absorption of piled-up dislocations through shuffling, which is a shorter atomic jump than diffusion and therefore has an extra low Q value of about 20 kJ/mol.
Returning to face centered cubic (FCC) metals, because several slip systems can be activated to construct cell structures inside of grains, the mechanisms underlying the low activation energies in FCC and HCP metals should be different to each other. Therefore, a new creep mechanism at T < 0.4 T m , especially, the rate-controlling process with the extra low Q value is focused. Combining the data of 5N Al reported previously, 6) the present study discusses the creep mechanism in detail using several grades of Al.
It must be noted that minimum creep rates were not obtained in the main creep tests because the observed creep rate was too low. In this case, the steady state creep rate was extrapolated in this study. However, because there is no meaningful deviation between the creep rates obtained from rupture tests and interrupted tests, it is claimed that our extrapolation procedure is feasible. Table 1 . To confirm the influence of the grain size on the creep, 5N Al samples with d = 190 and 330 µm were obtained by annealing 5N Al in a vacuum at 623 K for 1 h and at 673 K for 0.5 h, respectively. The data for these coarse-grained specimens were treated as tentative values for comparison and appear later only in Fig. 4 , because the sample thickness was only 1 mm.
Tensile tests were performed using an Instron-type machine with a constant crosshead speed corresponding to an initial strain rate of 1 © 10 ¹3 s ¹1 at 300 K to obtain the 0.2% proof stresses (· 0.2 ) for each Al sample. Then, creep tests were conducted under tension using a dead-load creep frame at 300523 K. These specimens were prepared using a wire electrical discharge machine with the loading direction corresponding to the rolling direction. The strain was measured using strain gauges mounted directly on the specimen surface. The employed gauges had extended tabs for strong adhesion to reduce their own creep shrinkage, so that negative creep rates were never measured. Details were described in the previous paper.
12 ) The measurements were very stable, as shown later in Fig. 2 . For typical interrupted creep tests with durations of 4 © 10 5 s, the creep rate longer than 3 © 10 ¹10 s ¹1 was utilized for the later analyses. The minimum creep rate was not observed in the main creep tests with 4 © 10 5 s duration. Therefore, the creep curves were fitted with a logarithmic creep equation proposed by Garofalo 13) to extrapolate the steady state creep rate (_ ¾ s ):
where ¾ is the true strain, ¾ 0 is the instantaneous strain, ¾ p and ¢ p are parameters characterizing the primary creep region, and t is the elapsed time. Figure 1 shows _ ¾¾ plots of the rupture creep data obtained for 5N Al under 25 and 30 MPa at 300 K using eddy-current displacement meters. Up to the minimum creep rate, the experimental data (circles) are in good agreement with the fitting curves (solid and broken lines) which were obtained using the data up to 4 © 10 5 s, as shown by the arrows. The consistency between the minimum creep rate from the rupture tests and the extrapolated steady state creep rate from the interrupted tests was also confirmed in the double logarithmic plot of _ ¾ and ·/E shown later in Fig. 3(a) , where E is Young's modulus. In this plot, the two points from the rupture tests using eddy-current displacement meters (open circles) have no meaningful deviation from the six points extrapolated from the interrupted tests using strain gauges (closed circles) at 300 K. Therefore, it is claimed that the extrapolation procedure is feasible. Next, transmission electron microscopy (TEM) was performed for 5N Al with d = 140 µm after creep tests conducted at 30 MPa for given times to reveal the timedependent deformation mechanism. The TEM samples were prepared by mechanical polishing with subsequent twin-jet electropolishing with a solution of 25% nitric acid and 75% methanol at 253 K and 12 V. The operating voltage was 300 kV for these observations. Figure 2 shows examples of creep curves of the three tested Al samples obtained at 300 K, where all samples showed remarkable creep behavior under the stress above the · 0.2 at the same temperature. Moreover, because the curves did not show significant fluctuation of the strain with time, dynamic recrystallization can be ignored under these conditions even for 5N Al.
Experimental Results
Therefore, these data are presented in a double logarithmic plot of _ ¾ s and ·/E at various test temperatures in Fig. 3 . The n values of 5N Al and 1050a Al are evaluated as about 4 at low temperatures and as about 6 at high temperatures. The value at high temperature is close to that of the low-temperature dislocation creep region reported by Frost and Ashby, 1) and the value at low temperatures closely corresponds to those reported in our previous letter 6) and also to those reported by Ishikawa et al. 4) Although the previous letter 6) showed n = 5 for 5N Al, this study revised it to 4 according to the new data of 1050a Al.
However, it is noted that the data on the broken lines in Fig. 3, i. e., the data under high stresses at 300 K in Fig. 3(b) and all the data in Fig. 3(c) , are regarded as belonging to the power-law breakdown region; they are regarded as resulting from the effect of the threshold stress, which is significant in low-purity materials. Therefore, the data on the broken lines were not used in the following analyses. 4) by white triangles. First, the data of 5N Al lie almost on a unique line drawn on our data, confirming the reliability of our data and our fitting procedure of eq. (1). This figure clearly expresses the absence of grain-size dependence in the new low-temperature creep. Second, the creep rate is strongly suppressed in 1050a Al comparing with 5N Al. It means that impurity atoms retard dislocation motion noticeably in the power-law creep region.
The new low-temperature creep has an outstanding low Q value. Figure 5 shows Arrhenius plots of 5N Al 6) at ·/E = 6 © 10 ¹5 and 1050a Al at ·/E = 2 © 10 ¹4 at temperature range of 300523 K. This figure shows two energy regions: a low-energy region corresponding to the new lowtemperature creep region with Q = 30 kJ/mol, and a highenergy region with Q = 80 kJ/mol corresponding to the low-temperature dislocation creep region controlled by dislocation-core diffusion. The extra-low Q values of the new low-temperature creep means that diffusion processes are not necessary to accommodate an internal stress. Therefore, despite the two grades of Al contain different amount of impurities, they show the same creep behavior with a rate-controlling process, which is different from that of the conventional creep mechanism.
The above experiments suggest that the new low-temperature creep is a dislocation creep (n = 4) and that the dominant deformation occurs in the grain interiors (p = 0). Therefore, to reveal the deformation mechanism of this creep in detail using 5N Al, TEM observations were conducted after creep tests under 30 MPa at 300 K performed for given periods. Figure 6(a) shows the creep strain (left scale) and strain rate (right scale) curves with open circles representing the observation points at the beginning, middle and end of the steady state creep region.
At the beginning of the creep with a creep strain of 0.06, Fig. 6(b) shows that the cell structure had not developed well and that the dislocation density varied within a grain. In the middle of the steady state creep region with ¾ = 0.07, Fig. 6(c) shows that the cell walls had become clear and that the dislocation density inside of each cell was lower than in Fig. 6(b) . These images show that the cell structure developed and that the cell size decreased gradually as creep proceeded. In addition, at the end of the steady state creep region with ¾ = 0.11, Fig. 6(d) indicates that cell structure had begun to collapse and that some dislocations had broken away from the cell walls, leading to rupture.
Discussion
The new low-temperature creep was observed in 5N Al and 1050a Al with a larger creep rate in high-purity Al in this study. Here, to confirm the validity of our data, they were compared with those by rupture tests reported in previous papers in Figs. 7 and 8 . Figure 7 is a double logarithmic plot of _ ¾ s and ·/E obtained at 300 and 373 K. It clearly shows that the creep can be separated into three regions with n = 17, 4 and 1. According to this figure, the region with n = 17, which is shown by Luthy et al.
2) and Ghauri et al., 3) might belong to the power-law breakdown region. On the other hand, the region with n = 4 which is shown by the present authors 6) and also by Ishikawa et al. 4) and the region with n = 1 reported by Shen et al. 7) seem to be in the powerlaw regions. Figure 8 is an Arrhenius plot of the data from the previous papers 2, 4, 14, 15) and the present study for 5N and 4N Al, where ·/E is 5 © 10
¹4
. The crosscut stress (·/E) is determined so that the highest and intermediate temperature regions are connected smoothly; then the intermediate and lowest temperature regions show a gap at the transition temperature. . The plotted data are from previous papers. 2, 4, 6, 14, 15) It should be noted that there are two Q regions at low temperatures. However, because Luthy et al.
2) performed analysis using data from the power-law breakdown region, their Q value was overestimated. Fig. 7 Double logarithmic plot of _ ¾ s and ·/E for 5N Al at T = 300 and 373 K. Our data 6) are plotted with the data reported by Ishikawa et al. 4) and Shen et al. 7) The data at _ ¾ > 10 À6 s ¹1 belong to the power-law breakdown region, whereas those at 10 À9 < _ ¾ < 10 À6 s ¹1 reported by Ishikawa et al. 4) and us 6) are in the power-law region with n = 4; the data at _ ¾ < 10 À9 s
¹1
by Shen et al. 7) are also in the power-law region with n = 1.
In the map, the highest temperature region with T > 500 K has a Q value of 140 kJ/mol and the intermediate temperature region with 370 K < T < 500 K has a Q value of 80 kJ/mol; there are consistent with the deformation mechanism map.
1)
However, below 370 K, the Q values were evaluated as about 80 kJ/mol by Luthy et al. 2) and 30 kJ/mol by the present study and by the data of Ishikawa et al. 4) Although Luthy et al.
2) claimed that the low-temperature dislocation creep region expands toward lower temperatures, their data belong to the power-law breakdown region, so they overestimated the Q values because the temperature dependency of Young's modulus affects the Q value drastically in this region. This implies that the region with Q = 30 kJ/mol can be observed by using the data in the power-law region. The extra low Q value means that the conventional diffusion processes are not activated to accommodate an internal stress. Therefore, the creep shall have another accommodation mechanism, different from that of the conventional creep, which is ratecontrolled by diffusion.
Based on the creep parameters, the new creep seems to be dislocation creep. Furthermore, TEM observations revealed that the creep is rate-controlled by recovery, because dislocations were not distributed homogeneously in the steady state, similarly to being observed in solute-strengthened Al alloys.
1619) Therefore, it is considered that the new creep is rate-controlled by a non-diffusional process that occurs not in the cells but at the cell walls. In these circumstances, cross slip is a possible mechanism for accommodating piled-up dislocations.
Although models of cross slip were proposed mainly during 1950s and 1960s, 2023) it has only recently become possible to evaluate the Q value of cross slip by computer simulations 24, 25) and by static recovery experiments. 26, 27) Vegge et al. 24) and Pendurti et al. 25) evaluated the Q value of the phenomenon in copper (Cu) by performing molecular dynamics (MD) simulations using the conventional FriedelEscaig cross-slip model.
2123) The event was simulated under a constant stress at 225375 K, and Q = 3050 kJ/mol was found. Moreover, Kuo et al. 26) and Bishary et al. 27) reported that Q = 50 kJ/mol for dislocation annihilation through cross slip at T < 0.4 T m from results of static recovery tests.
Returning to Al, cross slip might occur easily because Al has a higher stacking-fault energy than Cu, and the obatained Q value correspond to only 40% of the activation energy for dislocation-core diffusion, which is similar to the situation of Cu. Therefore, it can be claimed that the recovery mechanism of the new low-temperature creep is dislocation annihilation by cross slip at cell walls.
Next, we discuss the reason why the creep occurred only at · > · 0.2 at low temperatures. TEM observations reveal a minimum cell size of about 1 µm (Fig. 6(c) ). This means that significant work hardening occurs during the creep. In this case, the Frank-Read (FR) source can be activated at a shear stress of¸F R > 7 MPa, which is the value obtained from FR = ®b/ at a shear modulus ® of 25.4 GPa, a Burgers vector b of 2.86 © 10 ¹4 µm 1) and a length of FR source corresponding to the cell size . Then, · 0.2 corresponds to a resolved shear stress of 7 MPa for 5N Al with d = 140 µm when the Schmid factor is at its maximum value of 0.5. Therefore, it is claimed that the creep appears at · > · 0.2 because of dislocation nucleation inside the cells to be activated.
Summarizing the experimental data in the power-law region, a constitutive relation for the creep is suggested as
where A is a dimensionless constant, D 0 is a frequency factor, R is the gas constant and k is Boltzmann's constant. Although the parameters for this creep resemble those for conventional dislocation creep, including as n of 4 and p of zero, the Q value of 30 kJ/mol is much different. Therefore, the deformation mechanism map of 5N Al with d = 140 µm is modified as depicted in Fig. 9 , from (a) the hitherto known deformation mechanism map presented in Ref. 6 ) to (b) the modified one. It is noted that Fig. 9(b) is modified from the reported one 6) using the slightly different creep parameters obtained in this study, as listed in Table 2 . Furthermore, the region for a strain rate of less than 10 ¹10 s
¹1
is darkened because it is outside the region of direct measurement for the creep experiments in the map.
Conclusions
To elucidate the low-temperature creep deformation mechanisms of Al, creep tests were performed for 5N Al Table 2 . The region for a strain rate of less than 10 ¹10 s ¹1 is darkened because it is outside of the direct measurement area of our creep experiments.
and two kinds of 1050 Al at 300523 K. In addition, microstructural observations were conducted to reveal the dislocation structure for the new low-temperature creep. Detailed conclusions related to the new creep region, observed in 5N Al and 1050a Al are listed below:
(1) Same creep behavior was observed in the two grades of Al with a larger creep rate with increasing purity. It means that the impurity atoms suppressed the dislocation motion under the creep condition.
(2) The n value was 4 in the new low-temperature creep region. However, it became 6, which is close to that of the low-temperature dislocation creep region at higher temperatures.
(3) The new creep region is independent of the grain size because the p value does not appear.
(4) Diffusion processes are not activated in the new lowtemperature creep region, because of an extra-low apparent activation energy of 30 kJ/mol. Luthy et al., however, overestimated the Q value at low temperatures because they used data in the power-law breakdown region.
2) (5) The cell structure developing during the creep was shown. The observed behavior implies that the ratecontrolling process is cross slip at the cell walls.
(6) The new low-temperature creep region was added to the conventional deformation mechanism map of Al. 
